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Abstract 
In this work hollow rectangular microtubes of polypyrrole (PPy) films were potentiostatically electrodeposited on magnesium alloy AZ91D 
in salicylate solution. The substrate was previously anodized under potentiostatic conditions in a molybdate solution in order to improve the 
adherence of polymer. Finally the duplex film was modified by the incorporation of silver species. The obtained coatings were characterized 
by scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopies (XPS) and the antimicrobial activity 
against the bacteria Escherichia coli was evaluated. The corrosion protection properties of the coatings were examined in Ringer solution 
by monitoring the open circuit potential, polarization techniques and electrochemical spectroscopy (EIS). The duplex coating presents an 
improved anticorrosive performance with respect to the PPy film. The best results concerning corrosion protection and antibacterial activity 
were obtained for the silver-modified composite coating. 
© 2018 Published by Elsevier B.V. on behalf of Chongqing University. 
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The biodegradability of magnesium-based materials con-
titutes an advantage for developing temporary therapeutic
evices [1–3] . However, the rapid corrosion of these mate-
ials alloys under physiological conditions has delayed their
ntroduction for therapeutic applications to date [2] . 
Significant efforts have been made to modify the surface
f Mg alloys in order to improve their corrosion resistance.
mong surface modification methods, electrodeposited con-
ucting polymers are promising candidates as protective coat-
ngs. Polypyrrole is one of the most studied conducting poly-
ers due to its relatively easy preparation, high chemical
tability and relatively low potential for electropolymeriza-∗ Corresponding author. 







213-9567/© 2018 Published by Elsevier B.V. on behalf of Chongqing University
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) Peer review under responsibilition. In particular, Mg alloys covered with PPy constitutes a
iodegradable and biocompatible platform for controlled re-
ease of therapeutic drugs [2,4] . 
Several studies on the corrosion inhibition of Mg alloy
Z91D involving PPy were reported. A PPy layer was pre-
ared in aqueous sodium tartrate solution by introducing a
inc electroplating layer between the alloy and the PPy layer
5] . It has been also demonstrated that sodium salicylate
oped PPy layer shows good corrosion protection property
n Na 2 SO 4 solutions [6,7] . It was found that a salicylate solu-
ion was the best electrolyte used for the electrosynthesis of
Py onto other Mg alloys [8,9] . In this medium dissolution
f the alloys is significantly reduced. 
Our previous studies also demonstrated that the salicylate
olution is an electrolytic medium that allows the electrosyn-
hesis of PPy with a particular structure. Hollow rectangular
icrotubes of PPy were synthesized onto 316 L stainless steel
nd onto Nitinol in neutral and alkaline solutions of salicylate. This is an open access article under the CC BY-NC-ND license. 
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(Sa) [10,11] . It was proposed that microtubes were templated
by salicylic acid (HSa) crystals which crystallize on the elec-
trode surface as a result of the decrease in pH that accompa-
nies the electrodeposition. The formation of rectangular tubes
requires a high salicylate concentration in a stagnant solution.
The incorporation of bactericidal substances into polymer
matrices, such as polypyrrole, is of interest in the design of
new biomaterials. It is well known that silver ions or metallic
silver as well as silver nanoparticles are antibacterial agent
and possess low toxicity to human cells [12] . The electrosyn-
thesis of a PPy coating doped with Sa was an effective sub-
strate for Ag species immobilization and the modified elec-
trodes had an excellent biocide effect [11,13] . In this paper,
we show the first attempts to synthesize a PPy coating con-
stituted by hollow rectangular microtubes onto an Mg alloy.
The corrosion resistance properties as well as the capacity of
the films to incorporate silver species were evaluated. 
2. Materials and methods 
The working electrodes were prepared from rods of die-
cast AZ91D magnesium alloy (composition: 8.978% Al,
0.6172% Zn, 0.2373% Mn, 0.2987% Si, 0.1189% Cu,
0.00256% Ni, 0.0176% Fe, 0.00164% Ca, 0.01154% Zr, bal-
ance Mg ). The rods were embedded in a Teflon holder with
an exposed area of 0.070 cm 2 . Before each experiment, the
exposed surfaces were polished to a 1000 grit finish using
SiC, then degreased with acetone and washed with triply dis-
tilled water. Following this pretreatment, the electrode was
immediately transferred to the electrochemical cell. All the
potentials were measured against a saturated Ag/AgCl and a
platinum sheet was used as a counter electrode. The cell was
a 20 cm 3 Metrohm measuring cell. 
The electrodes were treated in an electrolyte solution con-
taining 0.50 M sodium salicylate (NaSa) and 0.50 M pyrrole
(Py). Solutions were purified with a saturated atmosphere of
nitrogen gas at 25 °C. Pyrrole (Py, Sigma-Aldrich) was freshly
distilled under reduced pressure before use. The pH of the so-
lution was adjusted by addition of NaOH. All chemicals were
reagent grade and solutions were made in twice distilled wa-
ter. 
Electrochemical measurements were done using a
potentiostat–galvanostat Autolab/PGSTAT 128 N and Volta-
Lab40 Potentiostat PGZ301. A dual stage ISI DS 130 SEM
and an EDAX 9600 quantitative energy dispersive X-ray an-
alyzer were used to examine the electrode surface. X-ray
diffraction analysis was carried out using a Rigaku X-ray
diffractometer (model Dmax III-C) with Cu K α radiation and
a graphite monochromator. X-ray photoelectron spectroscopy
(XPS) has been measured in a Specs setup operating. The
XPS analysis chamber is equipped with a dual anode (Al/Mg)
X-ray source and a 150 mm hemispherical electron energy an-
alyzer (PHOIBOS). The analyzer operates in fixed analyzer
transmission (FAT) mode with pass energy of 30 eV. The en-
ergies of all spectra were referenced to the C 1s peak at
285.0 eV. All the XPS spectra were deconvoluted using the
Casa XPS software with a Gaussian –Lorentzian mix function .Film adhesion was tested measuring the force necessary to
eel-off the film using a Scotch® MagicTM double coated
ape 810 (3 M) and a Mecmesin basic force gauge (BFG
0 N). Electrical conductivity was measured by two-probe
ethod using a homemade device. 
The corrosion behavior was evaluated in Ringer solution
t 37 °C by the variation of the open circuit potential (OCP)
s a function of time, by a potentiodynamic method and
y electrochemical impedance spectroscopy (EIS). The elec-
rodes were allowed to equilibrate at the fixed voltage before
he ac measurements. The composition of Ringer solution is
per 1 L) 8.60 g NaCl, 0.30 g KCl and 0.32 g CaCl 2 • 2H 2 O. 
The Tafel tests were carried out by polarizing from ca-
hodic to anodic potentials with respect to the open circuit
otential at 0.001 V s −1 in Ringer solution. Estimation of
orrosion parameters was realized by the Tafel extrapolation
ethod. The extrapolation of anodic and/or cathodic lines for
harge transfer controlled reactions gives the corrosion cur-
ent density (i corr ) at the corrosion potential (E corr ). All experi-
ents were conducted after the steady-state E corr was attained.
easurements were repeated four times for each coating in-
estigated to ensure reproducible and significant data. 
The antibacterial activity against a reference strain of E.
oli ATCC 25922 was evaluated by a modified Kirby–Bauer
echnique [14] . The method was previously standardized by
djusting the microbial inoculation rate and the volume of
he agar medium layer. A freezing culture of E. coli ATCC
5922 (stored at −70 °C in Tripticase Soy Broth (TSB) (BK
46HA, Biokar Diagnostics, Beauvais, France) supplemented
ith 20% (v/v) glycerol (Biopack, Argentina) was used. A
oop of frozen cells was cultured in TSB during 24 h at 37 °C.
pon appropriate dilution with sterilized phosphate buffer
aline solution, a suspension of about 10 7 cells mL −1 was
repared. One milliliter of this suspension was mixed with
5 ml of Tripticase Soy Agar (BK, Biokar Diagnostics, Beau-
ais, France) melted and cooled at 43 °C, and then, placed on
 Petri dish. The coated electrodes were pressed onto bacteria-
verlaid agar and were incubated at 37 °C for 24 h. Then they
ere removed from the agar and placed in a fresh one. The
ata were expressed as growth inhibitory zone diameter (mm)
or three replicates [15] . Control tests employing unmodified
Py-coated electrodes were also performed. 
. Results and discussion 
.1. Polypyrrole coating 
Hollow rectangular-sectioned microtubes of polypyrrole
ere deposited under potentiostatic conditions [10,16] . An
ctive dissolution of the AZ91D alloy at the electropolymer-
zation potential is expected from thermodynamic considera-
ions. First, potentiostatic polarization curves in monomer-free
olution are presented ( Fig. 1 ). The figure shows the curves
btained at 1.15 V in 0.5 M NaSa (curve a) and in 0.50 M
aNO 3 (curve b) solutions. Alloy dissolution is observed in
O 3 − at this high potential while passivation is achieved in
a solution. 
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Fig. 1. Potentiostatic transients obtained at 1.15 V for 30 min in: (a) 0.50 M 


















Fig. 3. Polarization behavior in Ringer solution at 37 °C for: (a) uncoated 
AZ91D alloy; (b) PPy-pH 7, (c) PPy-pH 12, (d) Mo-coat/PPy and (e) Mo- 



















Electropolymerization is very difficult when a strong dis-
olution of the substrate initiates at potentials more negative
han that corresponding to the oxidation of the monomer. That
s why no electropolymerization occurs in NO 3 − solution. In
ontrast, the electrode is passivated in Sa solution enabling
Py electrodeposition The electrosynthesis was performed at
.15 V during 600 s in a solution containing 0.50 M salicy-
ate and 0.50 M Py. A black coating was deposited at the
nd of the experiment. The SEM image of the sample shows
ectangular sectioned microtubes, being the majority of them
riented parallel to the electrode surface ( Fig. 2 ). The typical
ranular morphology of PPy is also observed. 
Close to two H + ions per Py monomer polymerized are
eleased during the polymerization process [17] . This local
H decrease at the interface produces the protonation of sali-
ylate anion and then salicylic acid crystallizes due to its low
olubility [10] . Further polymerization occurs at the externalig. 2. SEM micrographs of a PPy coating formed on AZ91D alloy obtained at diff
t 1.15 V during 600 s in 0.50 M NaSa + 0.50 M Py, pH 7 solution. urface of the HSa crystals. If Mg dissolution occurs at this
igh positive potential needed for polymerization, Mg 2 + hy-
rolysis should contribute to a lowering of the local pH [18] .
hus, in the case of Mg alloy as a substrate the local pH
ariation at the interface should not be an impediment to the
icrotubes formation. 
The anodic polarizations of uncoated alloy and PPy-
overed electrode in Ringer solutions are presented in Fig. 3 . 
he curve corresponding to the bare alloy shows that hydro-
en evolution reaction occurs until active dissolution initi-
tes at −1.43 V ( Fig. 3 , curve a). Anodic polarization corre-
ponding to the polymer formed in solution containing 0.50 M
aSa, pH 7 (PPy-pH 7) ( Fig. 3 , curve b) exhibits the onset
or the current increase shifted 100 mV in the positive di-
ection. Thus, the curves indicate that the coating has little
ffect on the corrosion behavior of the alloy. This is relatederent magnifications: (a) 200x and (b) 2000x. The film was electrosynthesized 
18 A.D. Forero López et al. / Journal of Magnesium and Alloys 6 (2018) 15–22 
Table 1 
Adherence force obtained for the different coatings after peel-off testing. 
Coating Adherence force (N) 













































Fig. 4. SEM micrograph of the Mo-coat/PPy coating. 
Fig. 5. Tafel curves obtained in Ringer solution at 37 °C for: (a) uncoated 




















i  with the fact that the PPy film was not well adhered to the
substrate. Moreover the opened structure of the hollow rect-
angular microtubes coating allows the corrosive medium to
penetrate toward the substrate. 
PPy structures with a rectangular cross-section can also
be generated by electropolymerization in alkaline solutions
of salicylate [16] . Because there is a competition between
salicylate oxidation and PPy deposition, electrosynthesis is
favored when the potential is raised to 1.3 V. The use of al-
kaline solutions promotes the formation of a more protective
magnesium oxide/hydroxide film which should be beneficial
for electropolymerization [18] . But the polymer formed at pH
12 (PPy-pH 12) was not a protective film either, as can be
observed in Fig. 3 , curve c. It was considered that a thick
layer of Mg(OH) 2 or MgO formed on Mg alloys during an-
odic polarization prevents the formation of an adhesive PPy
coating [19] . 
3.2. Polypyrrole coating deposited on anodized AZ91D alloy 
It was demonstrated that a low-voltage anodization in
molybdate solution was effective in lowering the corrosión
rate of AZ91D when exposed to Ringer solution [20] . The
best results were obtained when the Mg alloy was anodically
polarized at 1.0 V (Ag/AgCl) during 2700 s in MoO 4 2 − solu-
tion. In order to slow down the corrosion rate of the alloy in
chloride medium the anodized film was formed on the elec-
trode surface prior to the electropolymerization process. For
simplicity this anodized film will be named Mo-coat. When
the first film was formed in MoO 4 2 − solution during 2700 s,
as we done in our previous work [20] , no polymer was ob-
tained. To find the optimum thickness of the inner layer, films
were formed at different times prior to PPy electrosynthesis
in Sa solution. For an anodization time of 300 s the polymer
electrosynthesized in Sa solution only presents patches of de-
posits with rectangular morphology due to the high thickness
of the first layer. A PPy film covering the whole electrode
was obtained when the inner layer was formed during 20 s.
The PPy coating obtained on the Mo-coat is characterized by
the presence of microtubes of different size coexisting with
the typical globular morphology ( Fig. 4 ). It will be named
Mo-coat/PPy. 
The adherence forces measured for the alloy covered
by PPy and by the Mo-coat/PPy coating were 9.73 N and
24.90 N, respectively ( Table 1 ). It can be concluded that
there is not good adhesion between the PPy coating and
the substrate and that the Mo-coat layer formed beforelectropolymerization promotes the synthesis of a more ad-
erent PPy film. 
In order to evaluate the corrosion resistance of the modified
lectrode, anodic polarization was conducted in Ringer solu-
ion ( Fig. 3 , curve d). As can be seen, in this case the current
ensity increases at more positive potentials in comparison to
hat for the PPy-covered alloy, indicating dissolution retarda-
ion. 
More information concerning corrosion resistance of the
overed electrodes can be obtained through Tafel polariza-
ion curves in Ringer solution. The polarization behavior of
he sample covered with the duplex layer is compared with
hose corresponding to the single PPy layer and the bare alloy
 Fig. 5 ). It should be mentioned that the redox phenomena of
he polymer occur simultaneously with the corrosion reac-
ion. As was reported in various publications the estimation
f the corrosion current density for a metal coated with a
onducting polymer by linear polarization is difficult because
ome of the measured current arises from the redox activ-
ty of the polymer [21–23] . In spite of this, according to the
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Table 2 
Corrosion parameters calculated from Tafel polarization plots for uncoated 
AZ91D; PPy film; Mo-coat/PPy and Mo-coat/PPy-Ag. The mean values and 
their standard deviation are presented. 
E corr (V) i corr (mA cm −2 ) βa (V) βc (V) 
AZ91D –1.501 ±0.050 0.1050 ±0.0050 0.045 –0.293 
PPy-pH 7 –1.456 ±0.030 0.112 ±0.0050 0.080 –0.235 
Mo-coat/PPy –1.415 ±0.020 0.060 ±0.0050 0.084 –0.113 
Mo-coat/PPy-Ag –1.130 ±0.020 0.027 ±0.0050 0.058 –0.223 
Fig. 6. Nyquist plots of the impedance spectra obtained at the open circuit 
potential in Ringer solution at 37 °C after 5 min of immersion for: (a) un- 
coated AZ91D alloy, (b) PPy film, (c) Mo-coat/PPy and (d) Mo-coat/PPy-Ag. 












Fig. 8. XRD spectrum for Mo-coat/PPy-Ag. 



















esults shown in Fig. 5 as well as in Table 2 , an increase
n the corrosion potential (E corr ) is accompanied by a smaller
orrosion current density (i corr ) in the case of Mo-coat/PPy
lectrode. 
EIS measurements confirm the Tafel polarization curves re-
ults. The impedance spectra of the samples after immersing
n Ringer solution are presented in Fig. 6 . The frequency used
or the impedance measurements was changed from 100 kHz
o 10 mHz, and the signal amplitude was 10 mV. In the case
f the bare electrode the EIS response presents two capac-
tive loops and one inductive loop. The inductive loop wasttributed to the relaxation processes of adsorbed species such
s Mg(OH) + or Mg(OH) 2 on the electrode surface. This pro-
ess is not observed for Mo-coating/PPy which indicates there
s no interaction between the metal surface and the corro-
ive solution, proving again that corrosion is inhibited for
he treated sample. Semicircles diameter corresponds to the
olarization resistance. The Mo-coat/PPy presents a higher
olarization resistance and then a higher corrosion resistance
han the bare alloy. 
It is considered that a conducting polymer in its conduc-
ive state acts as an efficient oxidizer to maintain the metal
n the passive state [24] . Moreover the Sa-doped PPy may
elease the anion dopant upon reduction, which is a corrosion
nhibitor for the substrate. In the case of the duplex coating,
he first layer formed by anodization in MoO 4 2 − solution im-
roves the adherence of the PPy film as well as the corrosion
esistance of the Mg alloy. 
20 A.D. Forero López et al. / Journal of Magnesium and Alloys 6 (2018) 15–22 
















A  3.3. Silver deposition 
The Mo-coat/PPy-covered electrodes were left in an
AgNO 3 solution during 2 h under open circuit conditions.
SEM examination after immersion shows that silver dendrites
were obtained in a large quantity on the PPy coating ( Fig.
7 ). The modified fill will be named Mo-coat/PPy-Ag. XRD
analysis of the coating confirms the presence of silver. Two
intense diffraction peaks detected at 2 θ values of 38.14 ° and4.34 ° correspond to the Bragg reflections to the planes of
g (111) and (200) ( Fig. 8 ). 
The elemental and chemical composition of the Mo-
oat/PPy-Ag coating was determined by XPS. According to
he XPS survey spectra ( Fig. 9 ), it can be seen the peaks cor-
esponding to Mg 2p, O 1s, Mo 3d, N 1s, C 1s and Ag 3d. A
ore detailed XPS analysis of the specific electron binding
nergies of C, N, O and Ag elements is presented ( Fig. 10 ).
s shown in Fig. 10 A, the C 1s spectrum can be fitted into
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Table 3 
Concentration of magnesium species released in Ringer solution after 5 h of 
immersion of uncoated and coated AZ91D alloy. 
Sample Mg (mg/L) 
AZ91D 3.95 








































































































c  our peaks with the following assignments: 284.4 eV, β car-
ons of the pyrrolic chains and aromatic carbons of Sa/HSa
salicylate and salicylic acid) and adventitious C; 285.1 eV, α
arbons of the pyrrole chains; 286.4 eV the C –O of the alco-
olic functions of Sa/HSa, C = N of the pyrrole rings and the
ipolarons (–C = N + ) and 288.6 eV, the carboxylate of Sa/HSa
10,25–27] . 
The N 1s peak (from the polypyrrole ring), centered at
99.2 eV is displayed in Fig. 10 B and was deconvoluted into
wo peak components at 399. 5 and 401.2 eV associated to the
NH– and –N + – species [28–30] . As can be seen from the
ig. 10 C the characteristic Ag 3d 3/2 (373.5 eV) and Ag 3d 5/2 
367.7 eV) peaks are observed, indicating that Ag is present
n the coating as elemental silver [27,31,32] . The spectrum of
 1s is presented in Fig. 10 D. The peak located at 531.6 eV
s assigned to O = C and the peak at 533.6 eV corresponding
o HO–C and bound water [33] . The peaks of Mg 2p (E b ≈
2 eV) and Mo 3d (E b ≈ 234 eV) are not shown because they
re very weak and noisy. This result is probably associated
o the high thickness of PPy film modified with Ag. 
The anion Sa plays a key role in the immobilization of
ilver species into the coating [13] . It was proposed that Ag + 
ons are concentrated in the film as a result of the interaction
etween Sa with Ag + . Metallic silver was deposited as a re-
ult of a redox reaction between no oxidized segments of the
olymer and Ag + ions . 
A higher corrosion protection of the alloy was attained
fter Ag deposition on the Mo-coat/PPy coating. Active dis-
olution of the alloy starts at more positive potentials as can
e seen in Fig. 3 . Moreover the Ag-modified film exhibits a
igher corrosion potential and a lower corrosion current den-
ity than the others coatings ( Fig. 5 and Table 2 ). The i corr is
educed by about one order of magnitude. This improvement
s in part associated with a filling of pores in the PPy coating.
In order to confirm the improvement in the corrosion per-
ormance of the AZ91D magnesium alloy the quantity of
g released under OCP conditions in Ringer solution dur-
ng 5 h of immersion was analyzed for the different samples
 Table 3 ). The lowest quantity released corresponds to the
ubstrate covered with Mo-coat/PPy modified with Ag corrob-
rating its better performance. Moreover, the obtained results
onfirm that the PPy films provided poor corrosion resistance.
The conductivity of the coatings was evaluated using two-
robe conductivity measurements. The results showed that the
onductivity value of Mo-coat/PPy film modified with sil-
er (1.2 ×10 −3 S cm −1 ) is one order of magnitude higher
han the unmodified bilayer (1.4 ×10 −4 S cm −1 ). It has beeneported that the structure and electrical conductivity of con-
ucting polymers strongly affect their anticorrosive properties
34–36] . Moreover, several studies demonstrated that an open
tructure provided less corrosion protection and that these
lms showed low conductivity values. The obtained results
emonstrated that the higher conductivity corresponds to Mo-
oat/PPy coating modified with Ag which also shows a supe-
ior anticorrosive performance. 
As was mentioned earlier the microstructured PPy film was
ot well adhered so it was easily detached from the alloy sur-
ace. On the contrary, the Ag-modified as well as the unmod-
fied duplex coating could be removed only by mechanical
olishing. The necessary force to peel-off the last two coat-
ngs had the same order of magnitude ( Table 1 ). 
One of the most important advantages of dendritic struc-
ures is their large effective surface area. Thus, the Ag-
odified PPy can constitute an effective antimicrobial bioma-
erial. In order to check this, we investigated the antibacterial
ctivity of immobilized silver against the Gram negative bac-
eria E. coli ATCC 25922 by determining the width of the
nhibition zone around the coated surfaces. 
It is well known that when an antibacterial material is in
ontact with bacterial strain, a clear area around the material
s formed, and it is referred to as zone of inhibition [37] . An-
ibacterial activity of Mo-coat/PPy film was detected against
. coli ATCC 25922 consisting of an inhibition zone of ap-
roximately 5 mm surrounding the sample. However, when
he coating is modified with silver, this inhibition area is noto-
iously increased (13 mm). Moreover, the results indicate that
he inhibitory efficiency of coated electrodes is practically in-
ependent of the immersion time in the AgNO 3 solution dur-
ng the coating preparation. The penetration of the released
g + ions and colloid silver particles through the bacteria cell
all explains the antibacterial properties. 
. Conclusions 
A microstructured polypyrrole coating was formed poten-
iostatically on the biodegradable AZ91D magnesium alloy.
ecause of the opened structure of the hollow rectangular
icrotubes and poor adhesion of the deposited film the cor-
osion protection was low. 
Improvement in adhesion may be attained by forming a du-
lex coating consisting of a first film obtained by anodization
f AZ91D alloy in molybdate solution and a second layer of
olypyrrole electrosynthesized in salicylate media. The inner
lm promotes the electrodeposition of an adherent and stable
olymer. 
The duplex coating is able to retard the corrosion of the
ubstrate under OCP conditions in Ringer solution. This result
s explained considering the protective properties of the inner
lm, the ability of the polymer to maintain the metal in the
assive state and the inhibitor characteristics of salicylate. 
The duplex film was modified by the incorporation of sil-
er particles under open circuit potential conditions. This
oating presents better corrosion protection properties be-
ause Ag particles seal porosity of the film and increases its













































conductivity. The Ag-modified bilayer exhibits also good an-
tibacterial activity against E. coli . Thus, the coating is a
promising material for future biomedical applications with an-
tibacterial properties. 
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